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1. INTRODUCTION 

In many areas of research activity such as high speed non-equilibrium gas dynamics, plasma 

chemistry, isotope separation, atmosphere physics, laser physics, etc., a detailed knowledge of 

vibrational energy exchange kinetics of highly excited molecules is required. It is a central point of 

computer modeling of CO lasers. It is important for practical use of laser devices, such as overtone CO 

laser, frequency selective CO laser, optically pumped CO laser, Q-switched CO laser, operation of 

which is based on processes involving highly excited CO molecules. A prediction of their operation is 

very sensitive to details of vibrational kinetics. . 

Computer modeling of vibrational kinetics is a powerful tool of system analysis. There are two 

alternative models of CO molecule vibrational kinetics. 

The first and widely used one is based on simplified single quantum VV exchange (SQE) 

model [1-4]. A set of rate constants for single quantum processes CO(v)+CO(u)-»CO(v-l)+CO(u+l), 

included in calculations, is verified experimentally only for low vibrational levels v and u. Rate 

constants for high vibrational levels are found by extrapolation procedure. The first order perturbation 

theory expressions are used for the extrapolation [1-4]. This procedure was never verified for 

calculations of W-exchange rates of highly excited CO molecules. In particular, rate coefficients 

grow rapidly with an increase of v and u and exceed the gas kinetic value at rather low v,u>6-7 for 

quasi-resonance exchange. Nevertheless, rate constants, obtained by this way, have been commonly 

used in practical calculations. Their justification is based on rather satisfactory agreement with 

measurements of stationary vibrational distribution function (VDF) available in literature. 

The second model takes into consideration multi-quantum vibration exchange (MQE). As it 

follows from basic quantum mechanical principles [5, 6], multi-quantum exchange processes 

CO(v)+CO(u)-->CO(v-n)+CO(u+ii) (1) 

become significant, when probabilities of (n-l)-quantum processes reach a value of an order of unity 

(n is the number of quanta exchanged). As was shown in [6], the rate constants of processes (1) (n>2) 

become of nearly the same value as single-quantum rate constants in the range of vibrational quantum 

numbers exceeding v=10. A set of the rate constants from [6], given at low temperature T=100 K for 

vibrational levels v>5, was incorporated in CO vibrational kinetics model and resulted in satisfactory 

agreement with experimental data on measurement of stationary VDF [7, 8]. The calculations [7, 8] 

also demonstrated that transient behavior of the VDF after frequency selective perturbation is quite 

different in both models for high vibrational levels, but very similar for lower levels. An experimental 

verification of the model in respect to non-stationary VDF or laser devices has not been performed till 

now. 
The main objective of the project is to verify the model of CO laser active medium taking into 

account MQE processes. A mean of the verification is a set of experimental data on measurements of 

laser pulse energy restoration time for double pulse Q-switching mode of frequency selective CO laser 
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[9,10] operating on high vibrational levels. The only source of our knowledge on MQE rate constants 
is numerical calculations performed by Billing with co-authors, based on semi-classical 
considerations, which were reviewed in details in [6]. It was supposed, on the base of our experimental 
data, to get new information in support of the rate constants [6] and to make an attempt to get more 

precise knowledge of MQE rate constants. On the base of these results, having fundamental physical 

value, it was supposed also to use the MQE model in studies of a first overtone (FO) CO laser 

operating both in free running mode and in frequency selective mode. It is very important, because CO 
overtone lasing takes place on high vibrational levels where an applicability of the SQE model of W 

exchange is in doubt. 
The Report is arranged as follows. Section 2 presents a state of the problem. A description of 

the MQE CO laser kinetic model is given in Section 3. A description of methodological tools of the 
experiments and their results are presented in Section 4. An analysis of experimental results and a 
comparison with results of modeling including calculations of FO CO läser characteristics are 
performed in Section 5. A summary of the research and suggestions for further research work are 

presented in Section 6. 
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2. THE STATE OF THE PROBLEM 

The SQE model of CO laser is summarized in details in [11]. It includes, besides SQE W 

exchange rate constants, detailed information on all important processes, that is, electron-molecule 

excitation rates, rates of VT relaxation, spontaneous and induced radiative processes, spectroscopic 

data and the equation for gas temperature. 

Rate constants for VV exchange in the SQE model are usually calculated using expressions, 

based on the first order perturbation theory assumptions. The expressions are derived in the 

approximation [1], where long- and short-range forces act independently, and the results are summed. 

The parameters of the theoretical expressions are usually fitted to get the dependencies on magnitude 

and vibrational quantum number of those rate constants, which were measured experimentally. The 

rate constants, extrapolated by this way to VV-exchange of highly excited molecules, grow rapidly 

with an increase of v and u and exceed the gas kinetic value at rather low v,u>7 for quasi- resonance 

exchange. Strictly speaking, a validity of the first order perturbation theory expressions is broken 

down and vibration kinetic models using these rate constants are questionable for relatively low levels. 

Nevertheless, the rate constants, obtained by the way mentioned above, have been widely used in 

practical calculations. Their validity was explained by a satisfactory agreement with measurements of 

VDF available in literature (for example, see an excellent paper [12]). 

The validity of SQE rate constants [1-4, 11] has been discussed in the literature since the paper 

[3] was published, where rate constants of exothermic processes were proposed to be limited by the 

gas kinetic value. However, a realization of this simplified procedure showed a poor agreement with 

measured stationary VDF values. 

The theoretical papers [5, 6] made more realistic assumptions on VV exchange in CO. The 

quasi-resonant single quantum VV exchange rate constants, as calculated by Billing [6], do not exceed 

gas kinetic value. The Billing's rate constants, when incorporated in the SQE kinetic model, also bring 

forth the VDF values strongly differing from those obtained by measurements. 

An analytic approach to the theory of vibrational quanta exchange was developed in papers 

[13, 14] and in publications cited there as well. This theory might be useful to obtain scaling laws for 

rate constants dependence on vibration quantum numbers and temperature and to get more deep 

insight into the processes. In particular, exponential dependencies of cross sections on the energy of 

colliding molecules and temperature were derived. But practically, to get parameters of analytic 

approximations of cross sections, it is necessary to do detailed trajectory calculations, similar to those 

presented in [6]. This work has never been done. 

Thus, the only information source on MQE rate constants available to us is publication [6] with 

summarized Billing's data. The data in Ref. [6] are presented for a number of selected processes at 

T=100 K, 200 K, 300 K, 500 K and 1000 K. Only a few data points are given for three- and four- 

quantum exchange. Table 1 represents Billing's data on m-quantum exchange rate constants in CO for 
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selected gas temperatures. One should admit heuristic considerations, which are not well grounded, to 
estimate all elements of a matrix composed of rate constants in kinetic equations. Some considerations 
on this matter are presented in [15] for single-quantum exchange. An approach in [15] is an essentially 
formal statistical one. It may be used for single-quantum exchange constant estimations. But because 
of the lack of data and absence of a physical background it may be recommended for multi-quantum 

exchange description. 
In the next Section MQE CO laser kinetic model is presented as developed by authors of this 

research. 
Table 1. Rate constants of m-quantum exchange in CO [6] 

u v-»u' v' AE, cm"1 100 K 200 K 300 K 500 K 

6 6->4 8 102.9 1.64E-11 0.68E-11 4.1E-12 2.2E-12 

8 6->6 10 101.4 2.85E-11 1.49E-11 1.00E-11 6.0E-12 

10 10->8 12 100.0 4.64E-11 2.62E-11 1.82E-11 1.14E-11 

10 10->7 13 224.8 4.7E-12 1.9E-12 1.6E-12 1.0E-12 

10 8->12 6 201.3 4.11E-12 4.15E-12 5.25E-12 5.88E-12 

10 12->12 10 0.0 1.07E-11 7.3E-12 7.3E-12 7.9E-12 

10 6-+12 4 304.2 1.05E-13 1.71E-13 3.54E-13 8.04E-13 

12 12->10 14 98.5 5.54E-11 3.72E-11 2.98E-11 2.32E-11 

13 13->11 15 97.8 6.31E-11 4.36E-11 3.59E-11 2.90E-11 

14 14-^12 16 97.0 6.68E-11 4.51E-11 3.65E-11 2.73E-11 

15 15->13 17 96.2 7.40E-11 5.35E-11 4.69E-11 4.13E-11 

15 13-»13 15 0.0 2.07E-11 1.50E-11 1.54E-11 1.73E-11 

15 17-M3 19 120.9 2.55E-11 2.86E-11 3.39E-11 3.69E-11 

15 19-»13 21 284.2 3.56E-12 6.87E-12 1.30E-11 2.40E-11 

18 18-^16 20 94.0 7.35E-11 6.03E-11 5.95E-11 5.99E-11 

18 20->20 18 0.0 3.72E-11 2.94E-11 3.06E-11 3.62E-11 

20 20->18 22 92.5 7.39E-11 7.29E-11 7.38E-11 6.73E-11 

20 20->17 23 208.2 5.14E-11 3.29E-11 2.57E-11 1.97E-11 

20 22^-18 24 182.6 7.75E-11 6.25E-11 6.62E-11 6.91E-11 

20 24->1826 273.1 1.49E-11 2.08E-11 3.48E-11 5.56E-11 

22 22->20 24 91.0 7.55E-11 7.85E-11 8.19E-11 7.71E-11 

24 24->22 26 89.6 7.24E-11 8.01E-11 8.46E-11 8.16E-11 

26 26->24 28 88.2 6.92E-11 7.63E-11 7.99E-11 7.86E-11 

28 28->26 30 86.6 6.58E-11 6.90E-11 7.06E-11 7.11E-11 

30 30->28 32 85.0 5.99E-11 6.22E-11 6.34E-11 6.61E-11 

30 30->27 33 191.6 8.89E-11 5.99E-11 5.61E-11 5.58E-11 

30 30->26 34 340.5 5.45E-11 3.93E-11 3.52E-11 2.96E-11 
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3. KINETIC MODEL 

3.1. General description of kinetic model. 

Except W exchange processes in CO, a kinetic model is described in [3, 16] and presented in 

[11]. Thus, only that part of the kinetic model, which represents VV exchange, is described in this 

Section below. Schematically, the system of kinetic equations, describing a time evolution of CO 

molecule population on vibrational level v, has the form: 
dn, 
dt - - K-v + Kv + Kv +KT

+
 RSP 

+ KIND (2) 

Here Rv
e_y, Rv

vv,, R^, RV
SP, Rv

mD are the rates of electron-molecule excitation, inter-molecular 

vibration-vibration exchange, vibration relaxation, spontaneous and induced radiative transitions. 

Their detailed expressions can be found in [3, 16] and are not presented here. The rates of multi- 

quantum W exchange are: 

= E(rv+m,v"v+m+^v-m,v»v-m-(^v,v+m+^v,v-m)"v (3) Rl 

where Wv+mv is the frequency of transitions from level v+m to level v in processes of type (1), 

expressed as follows: 

/am 

where g,v_+
m

m;v are the rate constants of m-quantum exchange. As one may conclude from [6], processes 

with m>4 are not important for v< 30-35 and are not considered. 

3.2. Single-quantum exchange constants 

For lower vibrational levels, effects of anharmonicity and, hence, effects of multi-quantum 

exchange play a negligible role. Therefore, for v-numbers v<5 rate constants were taken in accordance 

with recommendations of [11], i.e. within the framework of the SQE model. For v>5 all processes 

were divided into near-resonant and non-resonant ones in the following manner. Collisions between 

molecules occupying levels with numbers v and v' were specified as the near-resonant for |v-v'|<5 

otherwise they were considered as non-resonant ones. For near-resonant exothermic processes 
CO(v-m) + CO(v-l)-> CO(v-m-l) + CO(v) (5) 

rate constants were presented in the form: 
(6) 

Billing's data allowed us to determine function 0>(v,m) only for a few selected v numbers. At 

T=100 K this function is given in the Table 2. 

Table 2. 
m 1 2 3 4 5 6 

0(v = 6,m) 1 0.6406 0.2656 0.0719 0.0156 - 

0(V = 11,»J) 1 0.8333 , • 0.5333 0.2750 0.1167 0.045 

<b(y = \6,m) 1 0.9375 0.8125 0.5563 0.3125 0.125 
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At intermediate v numbers O function was interpolated linearly. For v>16 it was proposed to 

be constant. A similar procedure was realized for a calculation of O at gas temperature T=200K and 

300K. Rate constants calculated in this manner we also call as Billing's rate constants. These rate 

constants were used in the model for v>10. Finally, in the range 10>v>5 rate constants were calculated 

as a linear superposition of Billing's rate constants and those from [11] with numerical coefficients 

varying from 0 to 1 and opposite, respectively. Such a procedure allowed us to smooth a transition 

from Billing's rate constants to traditional rate constants collected in [11]. 

The rate constants for non-resonant processes are much smaller in magnitude and were 

calculated using formulas presented in [11]. Their magnitudes were normalized using continuity 

condition to overlap with Billing's rate constants and a linear logarithmic interpolation: 

lnß^-lnß^'+Onß-^-lnß.T'X^-O/Cv-e) (7) 

where Qv
v*5

+l_6 are Billing's rate constants and g^v+1 are rate constants from [11], l<w<v-5. 

Fig. 1 and Fig. 2 show SQE rate constants  Q^\ at T=100 K and T=300 K. 

-8 — V-1   V 

igQu,u-i 

-12 — 
>PK^X^Xu=46 
\V\\u=41 

-16 — 0\\^u=31 
\S\Ns\    U=26 

-20 — \\^\^ u=21 
x\x/\\u=16 

-24 — ^\\^u=11 

OP 

\\u=6 
\u=1     v 

-4.0 I I 1 

0 20 40                                    60 

Fig. 1. SQE rate constants at T=100 K, [11] 
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-8—1 igcc 

- >0>OX^\^ u=46 
-12 — >P\\\^ u=41 

- O^^^                 u=31 

-16 — \V\\, u=21 

on 

^\^\^U=11 
^O^- u=6 

\U=1    v 
-ZU i                                  i 1 

0                                    20 40                                   60 

Fig. 2. SQE rate constants at T=300 K, [11] 

3.3. Multi-quantum exchange 

Analysis of Billing's data allows us to select, for each number of quanta exchanged, the range 

of v-numbers, where multi-quantum transition probabilities are high, that is of an order of unity. Such 

processes are considered as near-resonant ones. Out of this range processes are defined as non- 

resonant. Non-resonant range v-numbers were considered to be for all v - u > 6. 

Transition probabilities are small for non-resonant processes and supposed to follow SSH 

perturbation theory [17]. The perturbation theory gives the following dependence of rate constants on 

initial and final quantum numbers v and u and the number of exchanged quanta m: 

~\u,u+m 
sv,v-m 

Hv,v-m 

2 

Hu,u+m 

#m,0 Qmfi 

Fi^z;:), (8) 

where F(AE) is an adiabaticity function for non-resonant processes, which has a universal form in the 

SSH theory (see, for example [3,11]), A£„v;„v;™ is energy defect of process, qv>v.m is the matrix element 

of the lowest order interaction term giving rise to a process of m quantum exchange. These matrix 

elements can be calculated using relative value of appropriate Einstein coefficients A and frequency of 

transitions v. 
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Hv,v-n 

QmJL 

(9) 

Einstein coefficients A for transitions in CO molecule are presented, for example, in [3,11]. 

For resonant two-quantum exothermic processes Billing's data allowed us to determine O 

function just in the same manner as for single-quantum processes. For resonant three- and four- 

quantum processes Billing's data are scarce, and the rate constants for exothermic processes were 

considered to be constant and equal to the corresponding Billing's rate constants. Non-resonant rate 

constants were normalized by equalizing to the boundary Billing's rate constants in resonance range. In 

addition, the rate constants were considered to be zero in the range v<9 for two-quantum processes, v< 

10 - for three-quantum processes and v< 15 for four-quantum processes. 

The rate constants were determined for temperatures T=100 K, 200 K, 300 K. At intermediate 

temperatures the rate constants were calculated by means of linear logarithmic interpolation. The rate 

constants for endothermic processes were found using detailed balance principle. 

The rate constants for two-, three- and four-quantum processes at T=100K are shown in Figs.3- 

5. 

-10 — igQg^^^__^ 
<><^><^<^ u=46 

X^^ ><^\\N\\ u=41 

-20 — \N\X\^^      u=36 
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^\\/X\X u=21 

\\\ u=16 

-40 — \x^ u=11 

^n 
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V 
-ou i         i         i 1 

0                                     20 40                                    60 

Fig. 3. Two-quantum exchange fate constants, T=100 K 
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Fig. 4. Three-quantum exchange rate constants, T=100 K 
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Fig. 5. Four-quantum exchange rate constants, T=100 K 
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4. METHODOLOGY OF MEASUREMENTS 

4.1. Leading idea 

Double Q-switching technique for frequency selective mode of CO laser operation allowed us 

to study effects of vibration dynamics induced by the first short laser pulse perturbation of VDF on 

selected vibrational-rotational transition of CO molecule. The second laser pulse on the same 

transition served as an indicator of relaxation rate of this perturbation. The ratio Q2/Qi=R of the 

second laser pulse energy to the energy of the first one as a function of the delay time xx_2 was taken as 

a quantitative measure of VDF recovering. 

Measurements of R dependencies on Tj_2 were carried out for variable experimental conditions: 

different selected vibrational-rotational transitions; different laser mixture density N and temperature 

T; specific input energy (SIE) Qin deposited into electric discharge; time delay xd between beginning of 

the pump discharge pulse and the first Q-switched laser pulse. '      ' '   . 

4.2. Description of experimental setup 

In the experiments we used cryogenically cooled pulsed electron beam controlled discharge 

(EBCD) CO laser installation [18] with active volume V=2 liters (optical volume Vopt=l liter). The 

conditions of the experiments were as follows: 

- laser gas mixture CO:N2=l: 1; 

- laser gas density N=0.045-0.070 Amagat; 

- initial gas temperature T=95-l 15 K, 

- SIE Qin=200-600 J/l.Amagat. 

An optical scheme of a laser resonator is presented in Fig. 6. The scheme allowed us to realize 

very flexible mode of CO laser double-pulse characteristics tuning (including separate and 

independent spectral line selection and monitoring of temporal behavior of laser radiation intensity by 

double Q-switching technique). The laser resonator (Fig. 6) consisted of the Q-switching (QS) optical 

system and spectrally selecting unit separated by the active medium 1. The laser chamber was sealed 

by two BaF2 flat plates 2 inclined at the Brewster angle cpb with respect to the laser resonator axis. 

QS system (see Fig. 6) included totally reflecting mirrors: rotating flat aluminum mirror 3 

(rotation speed V=0-60000 revolutions/min), concave Au-coated glass mirror 4 (rcurv=1.5 m) and flat 

Au-coated copper mirror 5 with spatial filter 6 which was used to form QS laser pulses duration and 
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time interval between them. The rotating mirror was placed in the focal plane of the concave mirror 4 

(L=rcurv/2). 

A pair of 
Q-switched 
laser pulses 

Beginning of pump 
discharge pulse 

Xd=200-600 us 
Tj.2= 1.5-10 us 

Fig. 6. Optical scheme of frequency selective double Q-switched CO laser. A - spectrally selecting unit 
exploited in the first series of the experiments (Russian diffraction grating), B - spectrally selecting 
unit used in the last series of the experiments (US diffraction grating), C - typical time behavior of 
laser radiation intensity. 1-active medium, 2-Brewster windows, 3-rotating mirror, 4, 9, 10- totally 
reflecting concave mirrors, 5-totally reflecting flat mirror, 6-spatial filter, 7, 8-diffraction gratings, 11- 
CaF2 output flat plate 

The flat reflecting mirror 5 was shifted from the focal plane of the mirror 4 at the distance 

l-L/10 to obtain stable configuration of the composite laser resonator. The solid opaque spatial filter 6 

had two slits of equal width S separated by the distance d, which were responsible for the single QS 

laser pulse duration (x) and the time delay (x^) between the first and the second QS laser pulses, 

respectively. We could vary the temporal parameters of double pulse QS CO laser by changing the 

values of V, S and d: laser resonator QS on-/off- time xon/off, single QS pulse time duration T and time 

delay TUZ between the first and the second QS laser pulses. In our experiments xon/off and x were fixed at 

the values of 0.2 JJ.S and 1 jxs respectively. Independently, using special electronic delay device, we 

could change time delay xd between the beginning of pump discharge pulse (pump pulse duration -40 

|is) and the first Q-switched laser pulse within the range of 200-650 (as. 

Spectrally selecting unit in the laser resonator in the first experimental series (see Interim 

Reports #1 and #2) consisted of the aluminum diffraction grating 7 (150 grooves per mm, blazing at 
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32°) made in Russia (Fig. 6, A). The grating was used in Littrow configuration, spectral resolution 

being of-2500. The laser spectrum monitoring angle a was controlled with an accuracy of-0.2%. 

In the last experiments we used Al-coated glass diffraction grating 8 (150 grooves per mm, 

blazing at 26°45' ) made in USA with additional intracavity telescopic beam expander consisted of 

concave Au-coated glass mirrors 9 (rcurv=0.5 m) and 10 (rcurv=1.0 m) - see Fig. 6, B. In this scheme we 

increased spectral resolution of spectrally selecting unit of the laser resonator up to -5000 (about two 

times higher as compared to the scheme A). 

The laser output (both in the scheme A and B) was effected by Fresnel reflection of intracavity 

radiation from the flat CaF2 plate 11 placed into the laser resonator at the small angle (0=7°) to its 

optical axis. 

The CO laser output detecting system (which is not presented in Fig. 6) consisted of the IR 

detector with a response time of-10"9 s, thermoelectric calorimeter with a sensitivity limit of ~10"3J 

and IR spectrograph with a spectral resolution of-0.5 cm"1 within the wavelength range of 4.5-6.5 urn. 

4.3. Experimental procedure of measurements 

Typical time behavior of laser radiation intensity (double Q-switching mode of CO laser 

operation) is presented in Fig. 6, part C. 

In all our experiments we measured the ratio R=Q2/Q! as a function of xU2 for selected 

vibrational-rotational transition, other lasing parameters (xd, Qin, T, N) being fixed. Typical 

experimental waveforms of laser pulse pair depending on xU2 for laser transition 16—>15P(16) are 

presented in Fig. 7. 

High frequency modulation of the laser pulse (see Fig. 7, insertion A) is caused by longitudinal 

modes beating. A period of the modulation equaled -50 ns and corresponded to the round-trip time of 

the laser resonator (laser resonator length -7.5 m). 

It was very important to know as accurately as possible the actual value of laser resonator 

round-trip optical losses for a comparison of theoretical calculations with experimental data. For this 

purpose we measured directly the reflection coefficients of all the laser cavity optical elements within 

the wavelength interval of 5.0-6.2 urn (Fig. 8). The procedure of the round-trip optical losses 

measurements consisted of the following steps: 
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1. CaF2 flat test plate was placed into the laser resonator between its spectrally selecting units 

A and B and the output plate 11 (see Fig. 6). 
2. The energy of CO laser radiation reflected by the plate in both directions was measured by 

two calorimeters (Fig. 8a). 
3. The scheme of measuring the ratio of the two energies was calibrated by substituting of 

spectrally selecting units by the totally reflecting high quality plane mirror (Fig. 8a). 
4. The same procedure was performed for the Q-switching (QS) optical system of the laser 

resonator (Fig. 8b) by placing the CaF2 plane plate between the rotating mirror 3 and right side 

Brewster window 2 (see Fig. 6). 

Q2 = O.OIQ1 

ll-2 
3   US 

Q2 = 0.02 Q, 

*l-2 
3       US Line 16-15P(16) 

SIE=285 J/1-Amagat 
Q2 = 0.33 Q1 

ll-2 
5     US 

02 = 0.85 Oi 

V |      M-2 
7     US 

Q2 = 0.94 QT 

Q|(2) - 1-st (2-nd) Q-switched laser pulse energy 

1\ 
Fig. 7. Typical experimental waveforms of laser pulse pair depending on xlmV Spectral line 16-» 
15P(16), SIE=285 J/l Amagat. An insertion A shows the first laser pulse with a high resolution 

Final Report Moscow-1999 Page 14 



P.N.Lebedev Physics Institute Troitsk Institute for Innovation and Fusion Research Institute of High Temperatures 

Using this technique we have found the total round-trip losses of the laser resonator with 

spectrally selecting unit A (see Fig. 6) based on Russian diffraction grating and used in the first series 

of the experiments. Total round-trip losses calculated from the experimental data (taking into account 

a double-path value of outcoupling plate reflection losses) are presented in Fig. 9 (solid curve) as a 

function of the laser wavelength.  
Spectral 
selective 
unit I(l-$)Rirt 

Test 
plate 

ia-'Wd 
I(l-r) 

1 

Output 
plate 

i<i*r?r 

Brewster windows 

Intracavity / 
laspr fiplH / 

Test 
#*   I(l-r)R<r   W 

-l(l-r?R, 

I reflecting mirror a 

i(i-rmt 

MW 

I 
Totally $ 
reflecting mirror v 

I 
Fig. 8. Spectrally selecting unit (a) and QS optical system (b) optical losses measurements scheme. I- 
relative intracavity laser field intensity (in one direction), r - reflection coefficient of the test CaF2 

plate, Rd - spectrally selecting unit reflection coefficient, Rq- QS optical system reflection coefficient. 
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ROUND-TRIP LOSSES 

QS OPTICAL SYSTEM LOSSES 
A A- ^  
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i 3- — -*- 
P 

$. 0- ^_ v?'lia!S H?1!^ 

OUTCOUPLING PLATE 
OPTICAL LOSSES 

(single path) 

5.0 6.0 
Wavelength, Mm 

Fig. 9. Wavelength dependencies of: round-trip optical losses in EBCD CO laser resonator (solid 
curve); QS optical system optical losses (triangular markers); spectrally selecting unit A (see Fig. 6) 
optical losses (square markers); outcoupling plate single path optical losses (rhombic markers). 
(The first series of the experiments.) 
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4.4. Choosing rotational components of CO laser spectrum 

For each investigated vibrational band we studied only some vibrational-rotational transitions 

which were chosen taking into account two criteria: 

1. The wavelength difference between selected laser line center and the closest spectral lines of upper 

and lower adjacent vibrational bands should be -0.8cm"1 or higher (for more stable single line 

operation of the laser); 

2. The selected laser line should coincide with local "transparency window" of atmospheric air and 

have minimal absorption by water vapor (for decreasing uncontrolled optical losses inside the laser 

resonator). 

4.5. Limitations of the methodology 

Delay time rd and SIE Qf„. 

To specify a procedure of the measurements and a definition of the values of xd and Qin we 

obtained experimentally the dependencies of peak intensity of a single Q-switched laser pulse on time 

delay xd for different specific input energies Qin (Fig. 10). Believing that easier tractable and more 

reproducible are data obtained for conditions when the VDF evolution proceeds in a quasi-stationary 

manner in the range of vibrational levels involved into lasing, parameters xd and Qin were chosen 

within 350-600 |xs and 270-400J/l.Amagat intervals, respectively. 

1.00 ■ peak i                                      . 

arb.un.                        ¥* 

Qin=350J/I.Amagatf    j 

A w<l> 
/ Q in= 270J/I.A magat 

Qin=305J/I.Amaga /    J Vd,VS 

0.00 i         Wr 1 

0                          200 400 600 

Fig. 10. Example of dependence of CO laser pulse peak intensity Ipeak (single Q-switched mode) on 
time delay xd for different SIE Qin. Spectral line 18-> 17 P(l 8). 

This procedure was executed for each selected laser transition for definition of suitable values 

of both xd and Qin. 
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Spectral selectivity of laser resonator 

In the first series of the experiments we used the spectrally selecting unit A of the laser 

resonator (see Fig. 6) with total spectral resolution -2500. The laser action was obtained for double Q- 

switched mode of CO laser operation on a lot of vibrational-rotational transitions up to the vibrational 

band 33-»32. But in the most cases spectral resolution of the spectrally selecting unit A (-0.7cm;1) did 

not permit us to achieve reliably single line CO laser operation. It seems to be associated with a strong 

overlapping of selected line and wings of spectral lines belonging to adjacent vibrational bands. In the 

experiments this fact was confirmed by very complex time behavior of Q-switched CO laser pulse 

intensity (Fig. 11). 

The waveforms similar to ones presented in Fig. 11 were observed most often, if we studied 

laser transitions on higher vibrational bands. It happened because, due to respectively high round-trip 

optical losses, we had to compensate a decrease of small signal gain on higher levels by an increase of 

the SIE. Multi-peak time structure of single Q-switched laser pulse appeared, which corresponded to 

multi-frequency lasing, and in the most cases we were unable to separate it using spectrally selecting 

unit A of the laser resonator (see Fig. 6). 

LTNE 
9-8P(19) 

1859.8CM-1 

Av 
+0.43CM"1 

LTNE 
11-10P(6) 

\ 

\ 

H 
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13-12P(20) 
1755.3CM-1 

Av 
-0.34CM"1 
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15-14P(7) 

0.0 0.5 1.0    0.0 

TIME, [IS 

LTNE 
16-15P(16) 

1696.5CM-1 
A 

SINGLE 

1.0    0.0 

AV opt. unit A 

TIME, [J.S 

1.0 

Fig. 11. Examples of single Q-switched CO laser pulse intensity waveforms. Multi (double) frequency 
(left and center) and single frequency (right) lasing mode. 
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Another manifestation of the described effects one can see in Figs. 12 and 13, where the 

R=Q2/Q! dependencies on TX.2 are presented for single- and multi-frequency operation of the laser with 

double pulse Q-switching, respectively. 

In case of single frequency lasing (Fig. 12) for any SIE we observed smooth curves 

corresponding to a recovering process of the vibrational distribution function and, hence, to an 

increase of laser pulse energy on selected transition. Unfortunately, such a regular behaviour of R was 

observed only for three vibrational-rotational transitions, where experimental data can be compared 

with theoretical calculations for different SIE. These transitions were: 7-»6P(16), 16->15P(16) and 18 

->17P(18).' 

For a great number of laser transitions (-12 lines) we observed only the pictures analogous to 

ones presented in Fig. 13. These experimental data appeared to be inappropriate for comparing with 

theoretical calculations. 

1.00n   -A- A _ A 

0.80- 

R=Q2/Q1     n 

D 

D      / 
~ —____V Q in= 350J/I A magat 

0.60- Q in= 305J/I A magat 
18-17P(18) 

- 

A^ 
CO:N2 = 1:1 

0.40- 
T=100K 
N = 0.06 A magat 

- 
^d = 640 fis 

0.20- 

.- 
T1.2   »M-» 

.0.00- i i i I                                  '                                  I 

0.00 4.00 8.00                              12.00 
Fig. 12. R=Q2/Qi dependencies on xx.2 for different SIE. Spectral line 18-^17P(18). Single frequency 
lasing mode (theory and experiments). 
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1.25-, ^ 

R=Q2/Q1  \      EXPERIMENT 

1.00- 

0.75 

0.50 

0.25 

0.00 

I^xB 
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20-19P(16) 
CO:N2=1:1 
T=100K 

Qin=350J/l Amagat        N=0.06 Amagat 

,Qin=305J/l Amagat 

Qin=270J/l Amagat 

Xd=420jxs 

^1-2, ^s 

0.00 
I 

4.00 
I 

8.00 
I 

12.00 
Fig. 13. R=Q2/Qi dependencies on T,_2 for different SIE. Spectral line 20-»19P(16). Multi-frequency 
lasing (theory and experiment). 

For these reasons the last series of the experiments were carried out by using spectrally 

selecting unit B of the laser resonator (see Fig. 6) based on the US diffraction grating of higher 

reflectivity with additional intracavity beam expander. This scheme ensured the spectral resolution of 

the laser resonator -5000 (spectral resolution -0.35cm"1) and allowed us to obtain experimentally 

reliable single line lasing data on 6 transitions: 8->7P(10), 9-»8P(ll), 13->12P(11), 15->14P(13), 19 

->18P(15)and20->19P(14). 

Round-trip losses of the laser resonator 

In spite of higher reflectivity of US diffraction grating (with respect to Russian one), adding 

two-mirror beam expander into the laser cavity did not allow us to decrease significantly total round- 

trip losses of the laser resonator having spectrally selecting unit B (see Fig. 6). They were about the 

same ones as for the laser resonator based on spectrally selecting unit A (-40-50%). For this reason, 

we could not carry out the reliable experiments on laser transitions higher than v->v-l~20->19, which 

are more desirable for comparing with theoretical calculations because of expected stronger effects of 

multi-quantum V-V exchange and for achieving deeper understanding energy exchange processes in 

CO laser active medium (especially on highly excited vibrational levels v~30-40, where the first- 

overtone CO laser operates). 
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It should be noted that the laser resonator consisted of a lot of reflecting optical elements (see 

Fig. 6 with unit B) and had high total round-trip losses. The diffraction grating and all the mirrors 

(except rotating one) available now have the highest reflectivity. Only aluminum rotating mirror has 

total reflectivity -90% and, being passed two times during the round -trip of the resonator, contributed 

significantly to the round-trip optical losses (-20%). A substitution of this mirror by, for example, Au- 

coated one (not available now) is the simplest way to decrease optical losses and get the possibility to 

study experimentally laser transitions v-»v-l~25-»24 and higher. 

Threshold properties of the laser resonator 

Because of proximity to threshold lasing in our laser scheme, a reproducibility of the 

experimental data was not very good (particularly, at the shortest delay time T^ |XS) and a statistical 

error might reach up to -50% in some cases. This methodical disadvantage, which can not be removed 

at the moment, decreased significantly an accuracy of a comparison of the experimental data with 

theoretical calculations. Excluding a possibility of replacing one of the mirrors to the mirror with 

higher reflectivity, the second way to improve the situation is the use of master oscillator - laser 

amplifier technique for measuring experimentally the VDF recovering time perturbed by radiation on 

selected vibrational-rotational transitions. By using master oscillator-laser amplifier scheme, we can 

get rid of threshold effects and achieve higher accuracy of measurements. 
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5. RESULTS AND DISCUSSION 

5.1 Theoretical description of Q-switching process 

In the theoretical model, Q-switching process was approximated using time dependence 

of cavity threshold gain shown in Fig. 14. The threshold gain for the blocked resonator was taken high 

enough to avoid lasing on the transitions studied. The lowest value of the threshold gain was taken 

close to the measured in this report value (see Section 4.4), and depended on the laser wavelength. A 

duration of single Q-switching process was 1 [is. 

Fig. 14. Time behavior of laser resonator Q-switching used in the calculations. 

When using double Q-switching technique described below, either energy or peak intensity of 

two consequent pulses can be considered as a quantitative measure of recovering VDF shape. From 

theoretical point of view any quantity might be equally informative. However, in the experiments, 

pulse waveforms were complicated and not reproduced quite well. Therefore, energies of the two 

pulses were compared and served as an indicator of the VDF recovering. If the cavity threshold gain 

was high, laser pulse was of low intensity, and as a result, population of vibrational levels was 

disturbed only slightly by lasing process. In this case, the methodology was not informative. 

Therefore, the laser lines coincident with water vapor absorption lines were excluded from comparison 

procedure. 
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5.2. Comparison ofSQE and MQE models in analysis 
of double pulse Q-switched CO laser. 

To compare results produced by SQE and MQE models, calculations were made using the 

traditional SQE model with rate constants from [11]. The results of the calculations of energy 

recovering curve, that is dependencies on delay time of the ratio R=Q2/Qi of energy in the second CO 

laser pulse to the energy in the first one for two consequent laser pulses on transitions in vibrational 

bands v-»v-l=7-»6 and 16-»15 are presented in Figs. 15a and 15b, respectively, together with the 

results of the experimental measurements. Squared markers show the results of the measurements. One 
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can easily see that the measurements and calculations demonstrate a good agreement for lower 

Fig. 15. Energy recovering calculations (curves) and experimental results (markers) versus time delay 
Tu for laser transitions 7-»6P(16) - (a) and 16-»15P(16) - (b), specific input energy 285 J/l.Amagat. 

transition and differ considerably for higher one for short delays. That is, the rate of gain recovering on 

high vibrational levels v>14-15 in the experiments was much slower than predicted one. This fact 

shows that the commonly used SQE model fails to describe VDF dynamics for these high levels. 

Additional evidences on differences in SQE and MQE models were obtained in calculations of 

laser pulse forms and recovering curves for rotational transition J=16 in vibrational band v=25-»24. 

Selected rotational line was near a maximum of laser gain for this vibrational band. Fig. 16 

demonstrates the corresponding energy recovering curves for the two models. Fig. 17 shows the 
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results of calculations of laser radiation temporal behavior for double pulse Q-switched CO laser 

obtained by using SQE (Fig. 17a) and MQE models (Fig. 17b). Delay time between the pulses is 2 \xs. 
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1.00 —I R=Q2/Qi        Single-quantum theory 

0.50 — 

0.00 

Multi-quantum theory 

^1-2,^8 

0 8 

Fig. 16. Two EBCD CO laser pulses energy recovering curves calculated using both models for 
spectral line 25->24P(l6). 

One can see a considerable difference in the results for the two models. Energy recovering 

proceeds slower for the multi-quantum model. Also the pulse waveforms differ strongly. One should 

mention also that the energy of the first pulse is about 1.5 times higher than calculated by using SQE 

model. This result is very important for the description of single line selective mode of CO laser 

operation. As one could expect, SQE model overestimates considerably laser pulse energy for the 

selective mode of CO laser operation. 
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Fig. 17. QS CO laser pulse waveforms calculated using SQE (a) and MQE (b) models. 
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5.3. Double Q-switching mode of CO laser operation (fundamental band lasing) 

As it was mentioned above, two series of experiments were performed with different optical 

schemes of spectrally selecting units, the first one based on the Russian grating, and the second based 

on the grating manufactured in the US and with a beam expander. The Table 3 summarizes the 

experimental data obtained. The experimental conditions are also described in this Table. It is worth to 

note that gas mixture composition and the pump energy are quite different for excitation of lasing on 

lower and higher than 16-» 15 transitions. 

Table 3. Total list of investigated CO laser transitions and corresponding experimental conditions. 

V->V-1 P(J) 
(am 

Qln. 
J/I.Amagat us 

Spectral 
unit 

Mixture, 
CO:N2 

5->4 P(16) 5.064 285 330 A 1 6 
6->5 P(16) 5.131 285 330 A 1 6 
7->6 P(16) 5.199    • 285 330 A 1 6 
8-»7 P(16) 5.270 285 330 A 1 6 
9->8 
9->8 

P(11) 
P(19) 

5.285 
5.377 

250 
285 

350 
330 

B 
A 

1 
1 

1 
6 

11->10 P(16) 5.490 285 330 A .1 6 

12->11 P(16) 5.667 285 330 A 1 6 
13-*12 
13->12 

P(11) 
P(20) 

5.586 
5.697 

250; 290 
285 

590 
330 

B 
A 

1 
1 

1 
6 

14->13 P(16) 5.726 285 330 A 1 6 
15->14 
15->14 

P(13) 
P(15) 

5.770 
5.796 

335; 375 
285 

590 
330 

B 
A 

1 
1 

1 
6 

16->15 P(16) 5.895 285 330 A 1 6 
17-»16 
17->16 

P(15) 
P(17) 

5.967 
5.996 

200-400 
285 

420, 640 
330 

A 
A 

1 
1 

1 
6 

■18->17 P(18) 6.085 200-400 420, 640 A 1 1 
19->18 P(15) 6.149 330 590 B 1 1 
20->19 
20->19 

P(13) 
P(14) 

6.215 
6.229 

200-400 
560 

420, 640 
590 

A 
B 

1 
1 

1 
1 

23->22 P(15) 6.242 200-400 420, 640 A 1 1 
25->24 P(15) 6.756 200-400 420, 640 A 1 1 
30->29 P(15) 7.351 200-400 420, 640 A 1 1 
33->32 P(13) 7.717 200-400 420, 640 A 1 1 

In the first series of the experiments a great scatter in data and irregular behavior of R(TI.2) 

curves were observed. Figs. 12 and 13 illustrate the situation. A comparison with the results of 
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calculations presented in these figures demonstrates that a correlation between the theory and the 

experiment does exist but only for a few cases. 

For the transition 18—>17P(18) a small signal gain is not much higher than the threshold gain. 

Therefore, results of the numerical simulations and measurements are quite sensitive to variations of 

the SIE. As was mentioned above, these data are not informative. In particular, the calculated 

recovering energy ratio is close to unity being almost independent of delay time at the SIE Qin=305 J/l 

Amagat. This is explained by a low level of lasing intensity, which produces a negligible perturbation 

of the VDF. For Qin=350 J/l Amagat the theory predicts a typical relaxation behavior having, however, 

almost no correlation with the experimental one. 

A small signal gain for the transition 20-»19P(16) is higher, and one may expect better 

reproducibility and agreement with the experiment. However, the experimental energy recovering 

curves for Qin=305 and 350 J/l Amagat demonstrate quite unexpected time behavior. The reason is the 

problem of single line lasing discussed in Section 4.5. A spectral selectivity of the scheme A in Fig. 6 

is not sufficient to suppress lasing on vibrational-rotational transitions belonging to upper and/or lower 

adjacent vibrational bands. Just lasing on a different transition gave rise to the magnitude of R greater 

than unity for Qin=350 J/l Amagat at TU2=2 u.s in Fig. 13. 

A replacement of Russian grating to one manufactured in the US would not produce an 

improvement of the situation by itself. However, lower radiation losses for the latter grating allowed 

us to introduce a laser beam expander into the optical scheme , which increases a cross-section of the 

laser beam at the grating. As a result, the spectral selectivity of the system increased, and it became 

feasible to realize single-wavelength operation in the double Q-switching mode. Experimental data 

analyzed below were obtained by using this optical scheme. 

Theoretically, the recovering energy ratio R was calculated as a function of time delay. The 

results are presented in Figs. 18-24 in comparison with the experimental data displayed by markers. 

The theoretical results are depicted by a solid line. Let us remind that for our calculations, just the 

multi-quantum exchange theory based on rate coefficients for vibration-vibration exchange calculated 

by Billing was exploited. One can see a reasonably good agreement between the theoretical 

predictions and experimental measurements. 
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Fig. 18. Energy recovering ratio R vs. delay time xul. Theory (solid curve) and experiment (markers). 
Spectral line 9->8Pd IV O.-„=250 J/l Amagat T„=350 US. 
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Fig. 19. Energy recovering ratio R vs. delay time xt.2. Theory (solid curve) and experiment (markers). 
Spectral line 13—»12PC1IV Qin=250 J/l Amagat, xd=590 us. 
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Fig. 20. The same as in Fig. 19; Qin=290 J/l Amagat 

Fig. 21. Energy recovering ratio R vs. delay time x,.2. Theory (solid curve) and experiment (markers). 
Spectral line 15-»14P(13V Qin=335 J/l Amagat, xd=590 jxs. 
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Fig. 22. The same as in Fig. 21; Qin=375 J/l.Amagat 
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Fig. 23. Energy recovering ratio R vs. delay time T,_2. Theory (solid curve) and experiment (markers). 
Spectral line 19-» 18P(15V. Qin=330 J/l Amagat, xd=590 jis. 
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Fig. 24. Energy recovering ratio R vs. delay time x,.2. Theory (solid curve) and experiment (markers). 
Spectral line 20-»19Pf 14\ Qin=560 J/l Amagat, xd=590 u_s. 

The delay time io8 corresponding to the energy recovering ratio of 0.8 can be taken as a 

reasonable measure of the process for the given experimental conditions. From Figs. 19-24 it can be 

seen that both theory and experiment give the values of % 8 in the range (4.5-6) \LS. 

5.4. First-overtone CO laser characteristics. 

The observed agreement between theoretical predictions and experimental measurements using 

double-pulse procedure, particularly being sensitive to details of the V-V energy exchange, 

encouraged us to apply the same model to a description of characteristics of a first overtone (FO) CO 

laser. A reason was that this laser operates typically on higher transitions than usually fundamental 

band CO laser does. Evidently, the multi-quantum effects in vibrational exchange should influence 

upon a description of FO CO laser characteristics. 

In modeling, laser mixture, pump and resonator parameters supposed to be the same as in 

measurements performed with US grating, namely, SIE=360 J/l Amagat, T=100 K, N=0.12 Amagat. 

Two threshold gain values - 1.4T0"3 and 10"3 cm"1 were considered in calculations. Fig. 25 shows the 

comparison of these calculations and the measurements. For comparison, Fig. 26 shows also the results 

obtained earlier within the framework of SQE model. 
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Fig. 25. Frequency selective FO CO laser tuning curves obtained in calculations (1,2) and experiment 
(3). G^IO'W1 (1) and l.^lOW1 (2), MQE model. 
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Fig. 26. Frequency selective FO CO laser tuning curves obtained in calculations (1,2) and experiment 
(3). G^IOW1 (1) and l.WW (2), SQE model 
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Fig. 27. Measured energy efficiencies for P-branch components in the band V^jV-1=33^31 

Fig.28. Calculated efficiencies for P-branch components in the band Vz^V-^33^31, SQE model. 

0.60 -,   EFF, % 

Fig.29. Calculated efficiencies for P-branch components in the band V;=±V-1=3 3=^31, MQE model. 
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It is clearly seen that MQE model produced much better agreement with the experimental data 

than the old SQE one. It is very important that the computed curves manifest the same trend as in the 

experiments - they produce higher pulse energy for the higher transitions around v=34 while the old 

theory predicted a maximum around v=24. Bearing in mind uncertainties associated with a not 

sufficient knowledge of effective transmittance (reflectance) of the grating as a function of 

wavelength, the agreement between the predictions and measurements is rather good. 

It is interesting to note that the MQE model improves also an accuracy of description of FO 

CO laser fine tuning within vibrational band 33z±31. In Figs. 27-29 experimental data and results of 

calculations with the SQE and the MQE models are presented, respectively. Comparing theoretical 

predictions with the experiment, the conclusion can be made that the MQE model describes the 

measured data much more adequately. 
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6. CONCLUSIONS 

Theoretical and experimental study on vibrational exchange kinetics of highly excited CO 

molecules has been performed by using double pulse Q-switching CO laser. 

1. A comparison of experimental data on energy recovering ratio R=Q2/Q! (Q, is an energy of 

the first-, and Q2 is an energy of the second pulse of double pulse Q-switched CO laser producing a 

pair of short y,s pulses with a variable time delay between them) with theoretical calculations obtained 

by using SQE model demonstrated for the first time, that this model is not valid for a description of Q- 

switched CO laser beginning with the vibrational level number v=14 and higher. 

2. A set of kinetic rate constants needed for a theoretical description of CO laser was obtained 

by extrapolating and interpolating Billing's constants. These constants, also called by us as Billing's 

ones, were incorporated for the first time into kinetic equations within a framework of MQE model of 

CO laser taking into consideration multi-quantum exchange with the number of exchanged vibrational 

quanta m=l, 2, 3,4. The MQE model was shown to result in quite different values of R=Q2/Q, ratio as 

compared to SQE model. 

3. A comparison of theoretical calculations, based on the MQE model with experimental data 

on R ratio obtained for a few selected vibrational-rotational transitions of CO molecule from v=8 up to 

v=20, demonstrated an adequate coincidence between them, giving the first direct evidence in support 

of the MQE model with Billing's constants. 

4. The developed MQE model was used for the first time for a description of tunable single 

line first-overtone (FO) CO laser, demonstrating much better coincidence with experimental data for 

laser efficiency as function of vibrational and rotational numbers. 

5. In the course of the research work some limitations of the experimental methodology were 

found. The ways to overcome these limitations are discussed below. 

The first limitation is associated with a comparatively high cavity threshold gain caused by 

higher optical losses in the spectrally selecting unit of the laser resonator. A large amount of 

experimental data was obtained, when small signal gain but slightly exceeded the threshold gain. In 

such conditions one could not expect to get reliable results. The reproducibility of the experimental 

data was not very good (particularly, at the shortest delay time T,.2<2 |xs) and statistical error might 

reach up to -50% in some cases. Therefore, a usage of the results of the experimental measurements to 

improve or correct magnitudes of the rate coefficients is questionable at present. The reason is not 
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quite full specification of laser cavity parameters and a limited accuracy of data. Diminishing these 

drawbacks may allow us to exploit laser experiments for refinement of modelling. 

Secondly, in many cases single line selective Q-switching process did not possess a sufficiently 

high frequency resolution, thus preventing from the measurements of R ratio for a single selected line. 

Perturbation of the VDF by the first pulse frequently may cause an increase of the gain of adjacent 

spectral transitions, coupled by radiative cascade between vibrational levels and stimulate lasing for 

them. Besides, many spectral lines of CO molecules overlap occasionally. A modernization of the 

optical scheme (installing telescope in spectrally selecting unit) allowed us partially to improve the 

situation and obtain experimental data for a larger number of vibrational transitions. However, it was 

done at expense of intracavity loss increase. 

It means that the method of double Q-switching of CO laser resonator still has a potential to be 

improved and serve as a good source of new kinetic information, in particular, for v-numbers up to 

v=33-37. The problem is how to decrease resonator losses. This may be done, for example, by 

substitution of aluminum rotating mirror by Au-coated one. One should remember also about a 

necessity to provide high spectral selectivity of the resonator. Therefore, the most actual problem is the 

problem of increasing Q-factor of the resonator containing a beam expander serving for high spectral 

selectivity. 

An analysis performed for both types of the experiments (double-pulse procedure and FO laser 

tuning curve) clearly demonstrated that the results of numerical simulations are quite sensitive to the 

particular choice of the model for VV exchange (SQE/MQE). A striking result of the research is, that 

multi-quantum W exchange rate constants, calculated by Billing and extrapolated and interpolated by 

us, being incorporated in kinetic equations of CO laser, describe rather well a set of experimental data, 

both for double pulse Q-switching CO laser and single line tunable FO CO laser within the limits of 

uncertainty of the measurements. This result was not evident in advance, because the extended 

Billing's rate constants were calculated using a lot of approximations, the validity of which should be 

verified by measurements. 

A set of W exchange rate constants existing at the moment was obtained by not strictly 

approved procedure of interpolation and extrapolation of the data calculated and published in [6]. 

Some processes were ignored because of scarce information about them. Generally, a full set of 

processes should be included in the model to treat quite reliably experimental data. Further more 
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precise determination of VV exchange rate constants is important not only as a basic problem, but also 

as an applied problem to improve FO CO laser modeling, especially single line selective FO CO laser. 

In the last case, the exact knowledge of kinetic processes for CO molecules excited as high as the 40- 

th vibrational level is necessary. 

The more versatile way to improve the situation is the use of master oscillator - laser amplifier 

(MOLA) technique for measuring experimentally the VDF relaxation process perturbed by strong 

radiation on selected vibrational-rotational transitions. By doing this, we can get rid of the high- 

threshold effects and achieve higher accuracy of the measurements. In the MOLA methodology it is 

supposed gain recovery in laser amplifier cell to be measured after perturbation by a strong saturating 

laser pulse. Keeping in mind that data on high excited levels kinetics is particularly interesting, gain 

recovery dynamics should be measured using fundamental bands and FO transitions in a wide v- 

number range. This objective is a challenge to our capabilities at the moment and its solution would 

require a special research program. In the course of work under research program, new experimental 

tools and diagnostic methods should be developed. It is expected that quite extended set of 

experimental data would be obtained experimentally and evaluated theoretically. 
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